Introduction
In order to plan the treatment effects of orthognathic surgery, cephalometric prediction, cast prediction, socalled model surgery, and virtual-reality prediction have been commonly used. Cephalometric prediction is a conventional method and can provide a certain amount of 3D information using three differently-orient ed cephalograms, lateral, posteroanterior PA and axial. For example, we can simulate translational and rotational movements of the bony segments on a projection plane using a lateral cephalogram Fig. 1 , but we cannot describe roll and yaw rotations of the bony segments. The same holds true for prediction by PA and axial cephalograms. In cephalometric prediction, movement of the bony segments is restricted to three degrees of freedom, 3DOF, and it is sometimes difficult to precisely predict the complicated 3D movements of the bony segments, especially in cases involving skeletal asymmetry. In such cases, complicated movements of the segmented bones, including multidirectional transla tion and/or rotation with more than two rota tional axes, are necessary for successful surgery. In contrast, cast prediction can provide quantitative and visible 3D information on the movement of dentition, but this information is restricted to the dento-alveolar region, and does not include positional changes of the bony segments.
Recent advances in computer technologies should contribute to computer-aided diagnosis and surgical simulation. CT scanning, which provides informative 3D images, is reliably used for the diagnosis of a complex craniofacial skeleton and for simulating orthognathic surgery. Although CT scanning is a fundamental procedure in virtual-reality prediction, it has several disadvantages : 1 Metal restorations and orthodontic appliances, which cause metal artifacts, We apply a novel 3D simulation method in planning orthognathic surgery using a multimodal image-fusion technique, in which a virtual skull model obtained from pre-surgical CT scanning and a virtual dentition model obtained from the surface-scanning of dental casts are automatically integrated by the point-based, rigid registration of fiducial markers.
3D-simulation system for orthognathic surgery
The simulation system consisted of the following four main procedures Fig 
Reconstruction of virtual skull and dentition models
To construct a reference structure for fusing a virtual skull model with the dentition, a horseshoe-shaped refe- To obtain 3D data of the dental cast model, a 3D surface-scanning system with a slit laser beam was used. Surface-scanning was performed on combined maxillary and mandibular casts with the splints in portions of the cast base were trimmed. As a result, virtual fusion models of the skeleton and dentition at pre-surgery and post-surgery pre-virtual patient ; pre-VP were obtained.
Reconstruction of virtual skull and dentition models at post-surgery
To create the fourth fusion model of the skull and dentition, the post-VD-C image was further fused into the fusion image at pre-surgery obtained in the previous step by intramodality registration of the fiducial markers of the maxillary cast. To reposition bony segments by virtual surgery, a fifth registration of corresponding fiducial markers of mandibular casts in the fourth fusion image was performed, and translation vectors were calculated.
If simultaneous two-jaw surgery was necessary to corre ct skeletal deformities involving the maxillary compo nents, the combined maxillary segment and distal segment of the mandible were repositioned to the optimal jaw position.
3-D analysis of the movement of bony segments
Both fusion images at pre-and post-surgery were simultaneously displayed, and the discrepancy between the two images was recognized as the movement of bony segments during virtual surgery. Movement of the maxillary segment and the distal tooth-bearing segment of the mandible was measured in the coordinate system using the following anatomical landmarks : Anterior nasal spine ANS , Molare Mo , Menton Me , and Gonion Go .
Case presentation
For explanation of the present simulation system for orthognathic surgery, two patients who had undergone pre-surgical orthodontic treatment are shown. One 
Conclusions
The present simulation system could simultaneously describe two fusion images pre-VP and post-VP at pre-and post-surgery, and the discrepancy between the two images was recognized as the movement of bony segments during virtual surgery. The system could be used to precisely realize the pre-and post-surgical craniofacial morphology of a patient with severe skeletal deformities, and to quantitatively describe the movement of a given anatomical point of bony segments. b Post-VP after virtual one-jaw surgery. c Post-VP after virtual two-jaw surgery. White arrow, interference between the bony segments; gray arrow, clearance between the bony segments.
